We report the first measurement of the global emitted power of Titan. Longterm (2004Longterm ( -2010 observations conducted by the Composite Infrared Spectrometer (CIRS) onboard Cassini reveal that the total emitted power by Titan is (2.84±o.01)x10 8 watts. Together with previous measurements of the global absorbed solar power of Titan, the CIRS measurements indicate that the global energy budget of Titan is in equilibrium within measurement error. The uncertainty in the absorbed solar energy places an upper limit on the energy imbalance of 5.3%.
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The energy budget is a critical factor in determining the weather and climate on planets and satellites. Significant energy imbalance has been detected for the giant planets (1-5). The emitted thermal energy exceeds the absorbed solar energy by 57%, 80%, and 157% for Jupiter, Saturn, and Neptune, respectively (6) (7) . Such an energy imbalance is thought to be linked to the internal heat, which provides important clues to the understanding of planetary evolution and atmospheric circulation on the giant planets. On the other hand, Earth's global energy budget is in a near equilibrium state (8) . A recent study (9) suggests that the global energy budget has a small imbalance with the absorbed solar energy exceeding the emitted thermal energy by just 0.4%. Even though the energy imbalance is very small, it has significant influences on global warming and climate changes on Earth (9) . Titan, the biggest satellite of Saturn, is similar to Earth in many ways. Here, we explore a fundamental question: Is the global energy budget on Titan in an equilibrium state?
To evaluate the global energy budget of Titan, both the absorbed solar energy and the emitted thermal energy must be measured. The absorbed solar energy is determined by the bolometric Bond albedo with the known total solar radiance. The Bond albedo of Titan has already been measured based on observations by (1) Earth-based telescopes (10) , (2) the imaging photopolarimeter onboard the Pioneer spacecraft (11) , and (3) a combination of spacecraft and Earth-based telescopes (12) . Even though these measurements were conducted at different times, the Bond albedo of Titan is approximately consistent between all three measurements.
Unfortunately, there are no direct measurements of the global emitted thermal radiance before the epoch of Cassini, mainly because of a lack of infrared observations with sufficient spectral range and spatial coverage. Due to the lack of the measurements of the global emitted radiance, the energy budget of Titan cannot be determined directly. An energy balance between the absorbed solar energy and the emitted thermal energy was simply assumed in previous studies of estimating Titan's effective temperature (10) (11) (12) . On the other hand, some investigators (13) (14) noted that the global energy budget of Titan could be imbalanced based on a simplified inversion model of Titan's atmosphere (15) . Indeed, the computed energy imbalance of Titan reached as much as 38%, depending on the parameter setting of the inversion model (13) (14) . The inconsistence of above studies makes it important to measure the global emitted radiance of Titan. Such measurements provide not only information regarding Titan's thermal characteristics, but also constraints on its energy budget. Furthermore, any energy balancelimbalance is probably relevant for climate change on Titan because such a relationship has already discovered on our own planet -Earth (9) .
The direct computation of emitted power Pernit requires measurements of the spectral flux over a wide range of wavenumbers and emission angles (16) (17) (18) . The Composite Infrared Spectrometer (CIRS) of Cassini (19) provides such measurements with nearly complete coverage of wavenumber and emission angle, which have not been conducted before. Figure 1 displays an example of a CIRS averaged spectrum of Titan. These are recorded by three focal planes (FPl, FP3, and FP4) with a total wavenumber coverage of 10-1430 cm-I (~ 7-1000 !lm). Figure 1 shows that the radiance observed by FPl is dominant in the total emitted power of Titan. Figure  1 also demonstrates emission/absorption bands in the stratosphere recorded by FP3 and FP4, which have relatively warmer brightness temperatures.
In order to precisely measure the total emitted power of Titan, we select a reference altitude, in which there is no downward thermal flux. At some latitudes of northern hemisphere, there is significant thermal emission up to nearly 500 km (20) . Therefore, we set the reference altitude as 500 km in this study. In the CIRS data, the emission angle and latitude are referenced to the solid surface of Titan. The reference altitude of 500 km is a significant fraction of the solid body radius -2575 km (21) , so the variation with altitude of emission angle and latitude along a radiance ray cannot be ignored. We calculate a new emission angle and latitude at the reference altitude along the radiance ray path from the original CIRS emission angle and latitude as described in the Supporting Online Material.
All Titan spectra with two spectral resolutions (15.5 cm-I and 2.8 cm-I ), which were recorded during the time period of 2004-2010, were used to compute the emitted power of Titan. The processing of the CIRS raw spectra is similar to the method used in our previous study of Saturn's emitted power (22) . The final data produced are two-dimensional (latitude x emission angle) matrices of wavenumber-integrated radiances of Titan with 1° resolution in both latitude and emission angle at the reference altitude of 500 km. Panel A of Fig. 2 is the final processed matrix, which displays Titan's spectrally-integrated radiance over the whole range (10-1430 cm-I ) of the three focal planes of CIRS (FPl, FP3, and FP4). This panel shows that the total radiance recorded by the three focal planes increases from 0° to ~57° along the direction of emission angle. When the emission angle at 500 km is less than ~57°, the radiance recorded by FP3 and FP4 mainly comes from the stratosphere with temperature increasing with altitude. Therefore, the radiance recorded by FP3 and FP4 at high emission angles, which mainly comes from the relatively high and hence warm atmosphere, is significantly larger than the radiance at low emission angles, which comes from the relatively lower and hence colder stratosphere. In contrast, the radiance recorded by FPl, which mainly comes from the tropopause, does not vary significantly with emission angle. The variation of radiance recorded by FP3 and FP4 is dominant in the variation of total radiance shown in panel A when the emission angle is less than 57°. Panel A also shows that the total radiance decreases from ~ 57° to 90° along the direction of the emission angle. When the emission angle is larger than 57° at 500 km, the radiance shown in panel A comes from CIRS limb observations. For the limb observations, a radiance ray with high emission angle at 500 km has a significantly longer path in the upper stratosphere and mesosphere compared to a ray with a relatively low emission angle. The atmospheric density in the upper stratosphere and mesosphere decreases quickly with altitude, so the outgoing radiance decreases with altitude in these regions. Therefore, the radiance recorded at high emission angles, which has greater contribution from the high and hence sparse atmosphere, is smaller than the radiance at low emission angles, which have more contribution from the lower, denser atmosphere for these limb observations. Panel A of Fig. 2 also shows a few observational gaps at high emission angles and in the polar region. In order to enable numerical integration over the whole plane of emission angle and latitude, we use a least-square fit to interpolate/extrapolate from existing observations to fill observational gaps in Fig. 2 , as described in our previous study of Saturn (22) . After filling observational gaps in Fig.2 , we then integrate the radiance over the direction of emission angle to get the emitted power at each latitude. The resulted emitted power is displayed in panel B of Fig.  2 . The uncertainty shown in panel B is estimated by a combination of errors from (1) this procedure for filling observational gaps and (2) the calibration of CIRS spectra for removing the radiance of the background from the radiance of the target (19) , which is discussed in our previous study (22) . The meridional distribution of the emitted power shows a basic symmetry between two hemispheres even though they are in different seasons during the observational period of 2004-2010 (solar longitude from 293° to 5°; northern mid-winter to northern spring equinox). The radiative time constant of Titan's troposphere is probably longer than 100 Earth years (23) , which explains why the seasonal signal does not show up in the meridional distribution of the emitted power. CIRS observations of the emitted power from pole to pole will benefit future investigations of the meridional distribution of Titan's energy balance.
The meridional distribution of the emitted power shown in Fig. 2 is further utilized to calculate the global average emitted power ~mit (22, 24) . The global average of the time-mean (2004-2010) of emitted power at the reference altitude (500 km) is 2.392±O.01O watts/meter2. The total emitted power can be computed by P emit = 41l'(Rr + 500tp;'mit' where Rr is the solid body radius of Titan (2575 km). Therefore, Titan's emitted thermal power is (2.84±0.01) x10 8 watts.
The precise measurements of the emitted energy are important for the exploration of energy balance of Titan. When discussing the energy balance of Titan, we should consider thermal effects of Saturn and its rings besides the emitted power and absorbed solar radiance. Titan is -20 Rs (Rs is radius of Saturn) away from Saturn. The emitted power of Saturn decreases from -4.95 Wm-2 at the surface (22) to -0.012 Wm-2 at the distance of Titan, therefore the thermal effect of Saturn is inconsequential compared to the emitted power of Titan. Saturn's rings and Titan are in the same plane, so most thermal emissions from the inner rings will be blocked by outer rings. The outer rings have a very low temperature, so their thermal emissions have negligible effect on Titan. In summary, the thermal effect from Saturn and its rings will not affect the energy balance of Titan significantly. Therefore, the energy balance of Titan is mainly determined by the absorbed solar radiance and the emitted thermal radiance.
The solar constant at Titan is 15.2 watts/meter 2 (25) . The variation of total solar irradiance is less than 0.1 % between different solar cycles (26) , which is neglected in our discussion of energy balance on Titan. The measurements of reflected solar radiance (10) (11) (12) suggest the average value of Bond albedo is 0.265 with an average uncertainty of Bond albedo of 0.03. The radius of the limb of Titan for the wavelength of Sun's peak radiation (-0.48 )lm) was estimated as 2825 km (11, 27) , which is basically consistent with recent studies based on radiation models (28) (29) . The total absorbed solar power can be expressed as P trR L 2 Is (1 A), where RL is the radius of limb of Titan at 0.48 11m, Is is the solar constant absorb r at Titan, and A is the Bond albedo. Based on the known values of these parameters, we have the total absorbed solar power of Titan as (2.80±O.11) xIQ8 watts.
Comparing the total absorbed solar power of (2.80±0.11) x10 8 watts with the total emitted thermal power of (2.84±0.01) xIQ8 watts, we find that the global energy budget of Titan is in equilibrium within the measurement error of absorbed solar energy. The CIRS measurements of emitted energy are one-order of magnitude more precise than the previous measurements of the absorbed solar energy, so the primary uncertainty in determining the energy balance comes from the uncertainties of the absorbed solar radiance. We use the uncertainties of absorbed solar radiance to estimate the upper limit of the possible energy imbalance. The range of absorbed solar energy is from 2.69xIQ8 joules to 2.91xIQ8 joule, which suggests that the difference between the absorbed solar energy and the emitted thermal energy varies from -5.3% ((2.69-2.84)/2.84 --5.3%) to 2.5% ((2.91-2.84)/2.84 -2.5%). Therefore, the possible energy imbalance cannot exceed 5.3%, which excludes the possibility of large energy imbalance on Titan in the previous studies (13) (14) .
Our analyses suggest a basic equilibrium of global energy budget on Titan, but we cannot rule out the possibility of a small energy imbalance on the satellite due to the relatively large uncertainty of the Bond albedo in the previous measurements. It is possible to obtain more precise measurements of the Bond albedo based on observations from the Cassini ISS and VIMS instruments. The wavelengths of ISS (0.26-1.0 !-lm) and VIMS (0.35-5.1 !-lm) occupy nearly the complete spectral range of solar radiance. With a good coverage of phase angle by the extensive observations of Cassini during the period of 2004-2010, the reflected radiance recorded by the two instruments (ISS and VIMS) can be utilized to measure the Bond albedo of Titan at a much better precision than before. In addition, the long-term global observations conducted by Cassini make it possible to study the variation of energy budget in space and time (e.g., seasonally), which will provide one more perspective of investigating the climate changes on Titan in addition to the greenhouse and anti-greenhouse effects (30) . .... planetographic latitude (degree)
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Calculation of Emission Angle and Latitude At the Reference Altitude
We introduce the geometry to compute the new emission angle and latitude at the reference altitude of 500 km from the original CIRS emission angle and altitude, which are referenced to the solid surface of Titan. Figure S 1 shows that the original emission angle on the solid surface and the new emission angle on the sphere at the reference altitude. Figure S1 . Conversion of the emission angle between the solid surface and the reference altitude for the CIRS nadir observations. .{Rsin~)
Cassini
The above conversion works for the eIRS nadir radiance. For nadir observations, we found that the range of the new emission angle b is from 0° to ~ 57° at the altitude of 500 km, which shrinks from the range of 0° -90° for the original emission angle at the surface. Equation (1) shows that the new emission angle b is less than the original latitude b o due to the factor R/ (R+ H) < 0, which results in the shrinking of the range of the new emission angle. In order to fill the gaps of 57°-90° in the new emission angel, we include eIRS limb observations into this study. Figure S2 . Conversion of the emission angle between the solid surface and the reference altitude for the CIRS limb observations. .{R+Z) smu=--=> u=arCSI --R+H R+H (2) The conversion of emission angle between the solid surface and the reference altitude is straightforward, so we have the simple relationship shown in the equations (1) and (2) . The conversion of latitude between the solid surface and the reference altitude is relatively complicated. We do not have the simple geometry for this conversion. For the eIRS nadir observations, we use a method of parameterization to compute the new latitude at the sphere of the reference altitude, which is outlined as three steps: i) Define the observational location at the surface and the spacecraft's location in sphere coordinates; ii) Parameterize a line to connect the two locations, which represents the ray path originating from the observational location at the surface; and iii) Solve the ray path for where it intersects the reference altitude (500 km) to get the new location (latitude and longitude) at the reference altitude. The parameterization of ray paths also works for the eIRS limb observations except for setting the sphere at the tangent heights as the new surface.
